The vir region of Agrobacterium tumefaciens spans at least six transcriptional loci required for crown gall tumorigenesis. The transcriptional induction of two of these vir loci in response to cocultivation with tobacco suspension cells was measured by using bacteria containing mutations in each of the six vir loci located on the Ti plasmid. Induction of these vir genes occurred only in bacteria that had functional copies of virA and virG. The nucleic acid sequence of a 1. (5) . Transcription is also inducible by the addition of a mixture of plant-derived phenolic compounds (6). Similarly, a Rhizobium meliloti gene required for nodulation is induced by a low molecular weight, heat-stable factor obtained from alfalfa root exudates (7).
Several species of bacteria that form parasitic or symbiotic associations with higher plants have been shown to induce the transcription of genes required for these associations when cocultivated with plant cells or tissues. Agrobacterium tumefaciens responds to cocultivation with plant suspension cells by inducing the transcription of five of the six vir transcriptional units carried by the Ti plasmid. virB, virC, virD, virE, and virG are induced between 10-and 300-fold by cocultivation, whereas transcription of virA is unaffected (1) . Each of these genes is required for a fully virulent phenotype on all plant hosts, although a severely attenuated virulence has been observed with strains having mutations in virC or virE (2) . The pinF gene, which is not required for virulence, is also induced by cocultivation (1) . The products of the vir genes are thought to mediate the transfer of a segment of plasmid DNA (the transferred DNA) from the bacterium into the nucleus of the infected plant cell, where it becomes covalently integrated into genomic DNA (ref. 3; for review, see ref. 4) . vir gene transcription can also be induced by acetosyringone and a-hydroxysyringone, two related phenolic compounds released by wounded, metabolically active plant cells (5) . Transcription is also inducible by the addition of a mixture of plant-derived phenolic compounds (6) . Similarly, a Rhizobium meliloti gene required for nodulation is induced by a low molecular weight, heat-stable factor obtained from alfalfa root exudates (7) .
At present, little is known about the mechanism by which these environmental signals affect gene expression. A mutation on the Agrobacterium chromosome has been shown to enhance the basal rate of transcription of virC and virD (8) . In the present study, transcriptional fusions between vir promoters and the Escherichia coli lac operon were used to determine whether any of the six plasmid-encoded vir loci play a role in the regulation of these genes. Two vir genes were indeed required for induction, and nucleotide sequencing of one ofthese genes revealed protein sequence homology with a number of bacterial proteins, most of which are positive regulatory elements. Strains and Plasmids. Agrobacterium strain A136 is a plasmid-free derivative of strain C58. A348 is a derivative of A136 containing the octopine-catabolizing plasmid pTia6NC (9) . pRK404 was obtained from D. Helinski (10) . Plasmids were mutagenized with Tn5 as described (11 Nucleotide Sequencing. DNA sequencing was performed by the chain-termination method (17) using 3"S-labeled nucleotides (18) . Progressive deletions of M13 clones were created by digestion with exonuclease III and Si nuclease (19) . Both strands were sequenced over their entire lengths.
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Role of vir Loci in the Regulation of virB and virE. We have isolated a large collection of transposon insertion derivatives of several cosmid clones containing Ti plasmid DNA using the transposon Tn3HoHol (1, 13). Since Tn3HoHol generates transcriptional and translational fusions between genes into which it transposes and the lac operon (20) , many of the resulting cosmids contained fusions between vir promoters and lac and respond to cocultivation with plant suspension cultures by inducing expression of intracellular f3-galactosidase. Two of these, pVK219 virB243::Tn3HoHol and pVK225 virE358::Tn3HoHol, contain a virB-lacZ and a virE-lacZ fusion, respectively. The expression of f-galactosidase in the wild-type A. tumefaciens strain (A348) containing either plasmid is induced 50-and 100-fold, respectively, by cocultivation (13) . From these plasmids we constructed pSM243cd and pSM358cd. These plasmids contain the virB and virE promoters, respectively (21) , fused to lacZ but contain only 3.7 and 2.1 kilobases (kb), respectively, of Ti plasmid DNA. pSM243cd and pSM358cd were introduced into strain A348. P-Galactosidase activity of both transconjugants was strongly induced by cocultivation with plant cells (Fig. la) . The kinetics of induction of the two fusions were similar, full induction occurring within the first 3.5 hr of cocultivation. The virE::lacZ fusion resulted in about 20-fold higher 3-galactosidase activity than the virB::lacZ fusion, possibly due to higher levels of transcription, greater stability of the virE: :lacZ fusion protein, or a combination of the two.
To test whether induction depended upon a gene located on the Ti plasmid, pSM243cd and pSM358cd were introduced into the Ti plasmidless strain A136. Induction was not detectable for either strain (Fig. lb) , indicating that regulation of virB and virE depends upon one or more genes carried by the Ti plasmid. pSM243cd and pSM358cd were also introduced into derivatives of A348 containing transposon mutations in one of six vir loci. As shown in Fig. 1 c-h, mutations in either the virA or virG transcriptional units abolished induction of,-galactosidase, whereas mutations in virB, virC, virD, or virE did not affect induction. Two other insertion mutations in virB also had no effect on induction (data not shown). These results indicate that virA and virG act in a positive manner to regulate the transcription of both virB and virE. Experiments are necessary to determine whether these genes play a role in the regulation of virC, virD, virG, and pinF. (13) and therefore encodes a fully functional virG gene product.
The nucleotide sequence of this Bgl II-Pst I fragment was determined (Fig. 2) . Two open reading frames (ORF) were found within this interval, a 267-codon ORF reading from left to right (Fig. 2) and a 210-codon ORF reading from right to left. The initiation and termination codon of the smaller ORF correspond to the sequences CAT (bases 815-817) and TTA (bases 185-187), respectively (Fig. 2) (1, 20) . In addition, the size of each of the induced virG: :lacZ fusion proteins corresponds to the predicted size if translation initiates at the initiation ATG codon of the 267-codon ORF (20) . (ii) We have localized a transcription initiation site upstream of the 267-codon ORF by S1 nuclease mapping (21) . The significance of the smaller ORF to the biology of tumorigenesis is unknown.
We do not see a sequence homologous to the E. coli ribosome binding site even though all other vir genes whose sequences have been determined do have such homology (21) . Similarly, the transcription initiation site, the guanine at position 148 (21) , is not preceded by a sequence homologous to the -10 sequence of E. coli despite the fact that other vir gene promoters do have homologous regions. These findings suggest that the VirG protein may be expressed at relatively low levels. The protein predicted by the 267-codon ORF has (25) and Salmonella typhimurium (26) , the ntrC gene of Klebsiella pneumoniae (27) , and the spoOF gene of B. subtilis (28) . We therefore compared the amino acid sequence of VirG with that of the other eight proteins using the FASTP algorithm. Fig. 3 shows the amino acid sequences of the products of the virG, ompR, sfrA, phoB, che Y, and spoOF genes and the first 130 amino acids of the cheB, spoOA, and ntrC products. To optimize alignments between these eight proteins, small gaps indicated by dashes were introduced by the FASTP algorithm and have been modified slightly by hand. VirG is homologous over its entire length to OmpR, SfrA, and PhoB, whereas homology with the other five proteins extended only over the amino-terminal half of VirG (Table 1) . CheY and SpoOF proteins are considerably shorter than VirG and show homology over their entire length to amino acids 25-160 of VirG. In contrast, CheB, SpoOA, and NtrC are longer than VirG, but there is no evident amino acid homology between VirG and the other three beyond the sequences shown. The region common to all nine proteins has been designated domain A, whereas the carboxyl-terminal regions of VirG, OmpR, SfrA, and PhoB have been designated domain B (Fig.  4) . (23) . Similarity scores for each pair ofproteins are expressed as a standard deviation (SD) from the mean of the aligned scores obtained when the second of the two sequences was randomly permuted 50 times. Values of 3-6 SD signify that the two proteins possibly share a common ancestry, 6-10 SD, a probable common ancestry, and >10 SD, a very probable common ancestry (see ref. 23 (29) and for genes coding for microcin 17 and colicin E2 (30) . SfrA (sex factor regulation) is required for transcription of the traJ gene of the F plasmid as well as a number of membrane proteins (31) . PhoB is required to regulate the phosphatase regulon includingphoA (32) . SpoOA and SpoOF are required for the expression of genes required for sporulation (28, 33) . NtrC is required for expression of nitrogen-regulated genes, including nifAL and ginA (27) . In contrast, CheB and CheY do not appear to regulate transcription but, rather, are required for bacterial chemotaxis. CheB is a methylesterase that removes methyl groups from membrane-bound chemoreceptors (34) . CheY is believed to interact directly with the CheR methyltransferase and with the flagellar basal structure to control cell motility (26) . The finding that the majority of the proteins homologous to VirG are positive regulatory elements lends support to our genetic studies indicating that VirG has a similar function and suggests that VirG may act by mechanisms similar to those of one or more of its homologues.
All of these proteins are components of informationtransducing pathways, in that each provides a mechanism by which bacteria can obtain information from their environment and carry out appropriate responses. For example, VirG allows information about the presence of plant metabolites to result in the induction of vir genes. Similarly, OmpR transmits information about the osmotic pressure of the environment to the ompC and ompF genes. SpoOA, SpoOF, PhoB, and NtrC cause information about the cell's nutritional status to result in expression of appropriate genes. CheB and CheY enable the cell to respond to temporal changes in the concentration of chemoattractants and repellants with appropriate alterations in cell motility.
On the basis of the sequence homologies found between VirG and the other eight proteins, we propose that VirG may contain two domains [this model is a modified version of one originally proposed by Drummond et al. (27) ]. Domain A is shared by all nine proteins, whereas domain B is shared by only four of them (Fig. 4) . There is evidence that domain A of at least four of these proteins possesses some degree of functional autonomy. Two of them, CheY and SpoOF, which must be capable of some function, fall almost entirely within this domain (Fig. 4) at the carboxyl terminus of domain A, and molecules lacking the A domain have a 15-fold higher methylesterase activity than the intact protein (34) . This finding indicates that domain A is totally dispensable for methylesterase activity and, furthermore, that it may in some way modulate the activity of that portion of the enzyme containing the catalytic site. Similarly, there is genetic evidence (27) that domain A of NtrC is responsible for interconverting this protein between its activator and its repressor forms. It, too, may therefore act to modulate an activity lying elsewhere in the NtrC protein.
By analogy, we propose that domain B of VirG (and its homologues) may contain the sites required to promote transcription and that domain A may modulate the activity of domain B. Our knowledge of the nucleotide sequence of virG will allow us to make the precise genetic alterations required to test this model.
Many, if not all, of the proteins homologous to VirG require the products of other genes in order to function. In the present study we have shown that VirG regulates vir loci only in strains that are proficient in virA. Similarly, OmpR function depends upon the envZ product (35) , SfrA upon cpxA (31), PhoB upon phoR (32), SpoOA and SpoOF upon spoOB and spoOE (28, 33) , and NtrC upon ntrA and ntrB (36) . The nucleic acid sequences of virA (B. Leroux, S. Zeigler, and E.W.N., unpublished data), envZ (35) , cpxA (37), phoR (H. Shinagawa, personal communication), and ntrB (38) have been determined, and our analysis of the proteins encoded by these five loci indicates that all are homologous. The virA transcriptional unit encodes a single protein, which resembles EnvZ and various transmembrane chemoreceptor proteins (39) in that it contains two hydrophobic regions, one at the amino terminus and the other about 250 amino acids toward the carboxyl terminus. It has been proposed (35, 39) that approximately one-third of EnvZ and of the chemoreceptor proteins (near the amino terminus) is periplasmically localized and that the remainder of these proteins is located in the cytoplasm. Hall and Silhavy (29) have proposed that EnvZ is able to perceive osmotic pressure and to use this information to modulate the ability of OmpR to promote transcription. We believe that VirA, like EnvZ, may span the inner membrane and, by analogy to EnvZ, that it may directly sense the presence of plant-derived phenolic compounds (Fig. 5) . After receiving this signal, VirA could transform VirG from an inactive form to an active form capable of promoting the transcription of genes under its control. A similar model has been proposed (40) to describe the control of nitrogen-regulated genes by NtrB and NtrC.
